Dongaonkar RM, Nguyen TL, Quick CM, Hardy J, Laine GA, Wilson E, Stewart RH. Adaptation of mesenteric lymphatic vessels to prolonged changes in transmural pressure.
edema; lymphangion; lymphatic muscle; contractility LYMPHATIC VESSELS TRANSPORT LYMPH. The lymphatic system plays a vital role in the regulation of interstitial fluid volume. It removes fluid from the interstitial space and transports this fluid as lymph to the veins of the neck via collecting lymphatic vessels (3) . Collecting lymphatic vessels contain closely spaced valves that ensure unidirectional flow of lymph (21) . Sharing structural similarities with veins (31, 39) , lymphatic vessels were at first primarily viewed as passive conduits (38) . Although lymph can flow down an axial pressure gradient (14) or be propelled by extrinsic compression of lymphatic vessels (22, 32) , intrinsic rhythmic contractions of lymphatic muscle can actively propel lymph (15) . Lymphangions, segments of lymphatic vessels between two valves, therefore can act as pumps that transport lymph from the low-pressure interstitial space to higher-pressure veins (7, 23) . This fundamental functional duality of lymphatic vessels, as both conduit and pump (34, 35) , is reflected in the expression contractile proteins characteristic of both vascular smooth muscle and cardiac muscle (28) .
Functional responses of lymphatic vessels to acute increases in transmural pressure have been characterized. Although intrinsic spontaneous contractions of lymphangions can be modulated by vasoactive mediators (19, 30) and flow (1, 2, 11, 24) , contractions are particularly sensitive to changes in transmural pressure. An in vitro study (24) of bovine mesenteric lymphatic vessels has demonstrated that acute increases in transmural pressure promote lymphatic pumping by increasing both the frequency and amplitude of contractions. The physiological significance of this response becomes clear considering the fact that edemagenic stimuli, such as increased capillary pressure, not only increase microvascular filtration but also interstitial pressure and, therefore, lymphatic filling pressure (3) . Acutely increased lymphangion pumping is thus recognized as a fundamental negative feedback mechanism that prevents edema by increasing lymphatic drainage in response to increased microvascular filtration (3) .
Adaptive responses of lymphatic vessels to prolonged changes in pressure have not been characterized. A prolonged increase in lymphatic transmural pressure may result from chronic venous hypertension (10, 17) , lymphatic vessel obstruction (36) , or chronic capillary hypertension (9) . In each case, lymphatic vessels must adapt to overcome a higher transmural pressure to either maintain or increase lymph flow. Although lymphatic vessel adaptations in response to prolonged changes in transmural pressure have not yet been reported, guidance may be found in reports detailing the chronic adaptation of blood vessels and ventricles. To study adaptive responses in blood vessels, investigators have used partial constriction to raise upstream transmural pressures and lower downstream transmural pressures in the same vessel (6, 37) . Therefore, we used partial vessel constriction to test the hypothesis that lymphatic vessels exposed to higher transmural pressures adapt functionally to become stronger pumps than vessels exposed to lower transmural pressures.
METHODS
Animal model. We developed a partial constriction model to study the adaptation of bovine mesenteric lymphatic vessels. Partial constriction of lymphatic vessels was chosen as an intervention, because it allowed characterization of the response of the same vessel to two different pressures: lymphatic vessel segments upstream of the partial constriction are exposed to higher transmural pressures than downstream segments. Analysis of two sections of the same vessel also ensured that lymph flow and exposure to signaling molecules in the lymph were identical. We chose to study postnodal mesenteric lymphatic vessels in particular because they have become a standard model for acute functional studies (13, 24, 29, 43) . Furthermore, mesenteric vessels propel lymph solely by intrinsic rhythmic contraction, and, thus, functional adaptation can be characterized without the confounding effects of extrinsic compression (28) .
Surgical preparation and lymphatic partial constriction. Experimental procedures and animal care were performed in compliance with protocols approved by the Institutional Animal Care and Use Committee of Texas A&M University. Healthy crossbreed cows (age: 2-8 yr) were used in this study. After 48 h of fasting, animals were anesthetized with xylazine (0.2 mg/kg), diazepam (0.01-0.03 mg/kg), and ketamine (2-6 mg/kg to effect). Each animal was then ventilated mechanically, and a surgical plane of anesthesia was maintained by inhalation using 1-3% isoflurane in 100% oxygen. Through a right laparotomy incision using aseptic techniques, the small intestine, specifically the jejunum, and associated mesentery were exteriorized. Drying of the exposed mesentery was prevented by intermittent application of warmed isotonic saline. Three large postnodal conducting lymphatic vessels (2-to 4-mm diameter) were identified in the same region of the mesentery. A 20-gauge stainless steel needle was placed parallel to each selected vessel. A 2-0 suture was tied around the needle and the vessel. The needle was then removed, leaving the vessel with a ligature loose enough to prevent total constriction but tight enough to reduce lymph flow. The exteriorized intestine and mesentery were then returned back to the abdominal cavity. The abdominal incision was closed, and the animals recovered from anesthesia. Animals were monitored during the 3-day surgical recovery period.
Tissue collection. On postoperative day 3, animals were euthanized by captive bolt followed by exsanguination. Immediately after euthanasia, the abdomen was opened, and segments (8 -10 cm long) of the three partially constricted lymphatic vessels from each animal with the ligation in the middle were carefully isolated from the surrounding fat and connective tissue. After the downstream ends were tied, each vessel was divided at the ligation into the following two segment groups: segments immediately upstream from the ligature (UP group) and segments located immediately downstream from the ligature (DN group). After being harvested, these vessel segments were transported to the nearby laboratory in albumin physiological salt solution (APSS) chilled to 4°C [which contained (in mM) 145.00 NaCl, 4.7 KCl, 2.0 CaCl 2, 1.17 MgSO4, 1.2 NaH2PO4, 5.0 dextrose, 2.0 sodium pyruvate, 0.02 EDTA, and 3.0 MOPS with 10 g/l BSA; pH 7.4].
Experimental setup. The experimental preparation and apparatus used for functional analysis were similar to those previously described by Venugopal et al. (42) with few exceptions. In brief, after the surrounding fat and connective tissue were removed, each vessel segment containing at least one set of valves was mounted in a modified vessel bath (model MAYFLOWER type 813/6, Harvard Apparatus, Holliston, MA). The vessel was submerged (1 cm below the surface level) in APSS, which was circulated in the bath at a constant rate of 2 ml/min. A syringe pump (model KDS220, KD Scientific, Holliston, MA) was connected to the upstream (inlet) end of the vessel using polyethylene tubing (PE-10). The downstream end (outlet) was connected to a glass tube open to the atmosphere using similar tubing. Fluid-filled pressure transducers (model 20, CyberSense, Nicholasville, KY) were connected at the vessel inlet and outlet. Initial equilibration flow and transmural pressure were set as previously reported (24) . First, luminal flow (in APSS) was set to 0.1 ml/min. This flow was calculated to clear the content of the lumen within 30 s. Second, transmural pressure was set to 6 cmH2O by adjusting the outlet tube height. Bath and luminal APSS temperature were maintained at 37°C via thermoregulators (model Lauda E-200, Brinkman Instruments, Westbury, NY). Each vessel was then allowed to equilibrate for 20 -40 min until stable contractions were observed. Those vessels that did not contract spontaneously were not used for functional analysis.
Data acquisition and measurements. Data were recorded at 4 Hz using a custom-built real-time data-acquisition system (LabView 8.0, PCI 6036E, National Instruments, Austin, TX). Transmural pressure was determined by averaging measured inlet and outlet pressures and subtracting the APSS height in the bath (i.e., 1 cmH2O). Instantaneous lymphatic vessel diameter was determined using video calipers (LabView 8.0, National Instruments) from the acquired video (camera model ST-XC50, Sony Electronics, Park Ridge, NJ) of the lymphatic vessel in the bath.
Experimental protocol. Lymphatic vessels that exhibited spontaneous contractions in a consistent fashion within 40 min of the initial equilibration time were used for functional analysis. Each lymphatic vessel was exposed to a predetermined low endothelial shear stress (i.e., diastolic endothelial shear stress of 8.1e
Ϫ5 dyn/cm 2 ) by adjusting the luminal flow at each transmural pressure level. This shear stress was chosen to be consistent with the diastolic wall shear stress of actively contracting lymphatic vessels (24) . Lymphatic transmural pressure was set to 1, 3, 6, 9, and 12 cmH 2O for 10 min by raising the outlet glass tube. After each change in pressure, luminal flow was readjusted to maintain the predetermined diastolic shear stress. Vessels were allowed to equilibrate for 7 min before data were recorded for 3 min. The sequence of transmural pressure steps was selected randomly for vessels from each cow. For consistency in analysis, all vessel segments from a given cow were analyzed using the same selected sequence of transmural pressure steps. To determine the passive response of the lymphatic vessels, luminal and bath APSS were replaced with Ca 2ϩ -free APSS. Luminal flow was set to attain a low endothelial shear stress (i.e., 8.1e Ϫ5 dyn/cm 2 ), and transmural pressure was set to 6 cmH 2O. Lymphatic vessels were then allowed to equilibrate for ϳ30 min. When lymphatic vessels had relaxed completely, as evidenced by a lack of spontaneous contractions (diameter oscillations Ͻ 0.02 mm), the protocol described above was repeated, and diameter was recorded at each pressure step. Vessel segments from the second vessel were used only when one of the segments (from either UP or DN groups) from the first vessel failed to exhibit spontaneous contraction.
Data analysis. Using the lymphatic diameter recorded during the experiment, several variables characterizing lymphatic function were calculated. Functional variables used for analysis included passive diameter, diastolic diameter, systolic diameter, contraction frequency, ejection fraction, stroke volume, normalized pump index, and conduit index. All volume variables were reported per unit length of the lymphatic vessel segment with the assumption of uniform diameter change during contraction. Frequency was recorded as the number of contractions per minute. Ejection fraction was calculated as the ratio of stroke volume to diastolic volume. The pump index, a measure of active flow generated by the vessel, was calculated as the product of contraction frequency and stroke volume normalized to passive volume. The pump index characterizes the ability of a lymphangion to propel lymph and can be viewed as the number of passive volumes per minute. The conductance index for a vessel was calculated as the ratio of fourth power of the active radius, which was determined as the average measured radius during the 3-min measurement period, to the fourth power of the passive radius. The conduit index, a measure of conductance (inverse of resistance), characterizes the ability of a lymphangion to passively conduct lymph. Only one UP/DN segment pair per cow was analyzed. In the rare event that more than one vessel segment pair exhibited spontaneous contraction, only the first completed measured pair was chosen for analysis. All data are presented as means Ϯ SE. All statistical tests were performed using the SVS software package (SVS Institute, Cary, NC). Statistical significance was determined using mixed-model ANOVA designed for a crossover experimental model. This test was performed on the differences between parameter values from UP and DN segments dissected from the same lymphatic vessel. There was no pairing comparison between segments from different vessels. Calculated P values of Ͻ0.05 were considered significant.
RESULTS
Eleven vessel segments from the UP group and eight vessel segments from the DN group exhibited consistent spontaneous contractions after the initial equilibration period. Only data from paired vessel segments (UP vs. DN group, n ϭ 7, one pair from each cow) were analyzed to evaluate functional variables. A vessel segment pair consisted of segments from the same vessel, one vessel segment from the UP group and one from the DN group. Table 1 shows the functional variables for lymphatic vessel segments from the UP and DN groups. Contraction frequency and stroke volume of the UP group were not significantly different from those of the DN group at any transmural pressure. Ejection fractions of the two groups were not different except at a transmural pressure of 3 cmH 2 O, where the UP group had significantly higher ejection fraction than the DN group. Passive, diastolic, and systolic diameters of the UP and DN groups are shown in Fig. 1 , A-C. Passive diameters of the UP and DN groups were not different. However, both systolic and diastolic diameters of the UP group were larger than those from the DN group at transmural pressures of 6, 9, and 12 cmH 2 O. Figure 2 shows the pump index and conductance index of the UP and DN groups. The pump index of the UP group was significantly higher than that of the DN group at transmural pressures of 1, 3, and 6 cmH 2 O. The conductance index of the UP group was significantly higher than that of the DN group at transmural pressures of 6, 9, and 12 cmH 2 O.
DISCUSSION

Summary.
The results from the present study indicate that postnodal mesenteric lymphatic vessels become stronger pumps when exposed to prolonged increases in transmural pressure. Specifically, the pump index ( Fig. 2A ) of lymphatic vessel segments from upstream of the constriction was higher than that of downstream segments. Such a response is consistent with the physiological necessity for negative feedback, ultimately decreasing interstitial pressure and ameliorating the increase in interstitial fluid volume (4) . The adaptive responses first reported in the present work are thus consistent with the accepted understanding of interstitial volume regulation (8) .
Strengths of the experimental model. The difficulty in studying adaptation of blood vessels in vivo arises from the complication that blood pressure, blood flow, and endothelial shear stress have all been recognized as variables that stimulate growth and remodeling (26, 27, 41) , and surgical interventions can alter all three stimuli. This difficulty also arises when studying lymphatic vessel adaptation. Gashev et al. (12) reported that cervical mesenteric vessels chronically adapt in rats subjected to a head-down tilt, which was believed to increase their transmural pressures and decrease their lymph flow rates. However, the individual contributions of changes in pressure and flow could not be identified. We therefore designed this study so that the effects of pressure could be independently characterized by comparing vessel segments above and below a partial constriction. The partial constriction raises one segment pressure higher than the other, whereas mean flow and lymph composition are the same in both segments (see APPEN-DIX A). An additional strength of this model is that comparison of vessel segments above and below a constriction provides an ideal analysis: segments not only come from the same animal but also from the same vessel. They thus have the same initial structure, functions, and environment as well as developmental history. As a result, the statistical comparisons significantly minimize the model-based variations and highlight only the effects of the stimulus (the partial occlusion). More importantly, this model allows a comparison of absolute values of systolic and diastolic diameter as well as absolute stroke volumes and thus avoids the common practice of normalizing all functional variables by a particular diameter (11, 12) . A similar statistical comparison cannot be performed with any two separate lymphatic vessels even if they are from the same region of the same animal. Moreover, interventions such as vessel ligation will most likely redistribute lymph flow to other nonligated vessels. As a result, it would be difficult to select a lymphatic vessel within the interest region to perform as a control. Nonetheless, we have provided APPENDIX B, which describes the analysis all three groups: control, occluded UP, and occluded DN. In this comparison, mixed-model ANOVA designed for a crossover experimental model was used. Finally, although the cost and complexity of performing chronic experiments in large animals have made such experiments relatively rare, the cow model has the additional strength of allowing the comparison of our results to fairly extensive literature detailing the acute function of bovine postnodal mesenteric lymphatic vessels typically collected from an abattoir (20, 23, 24, 29, 30) .
Inherent limitations of the animal model. There are fundamental limitations to the animal model that result directly from complex physiological events as well as a lack of specifically developed technology for lymphatic research. First, a 3-day timeframe for short-term adaptation of lymphatic vessels was chosen because this is the period after the intervention that we expected no significant lymphangiogenesis to occur (5, 33) . To study the effect of longer-term adaptation, this animal model needs further modification and investigation to ensure there is no complex interaction between lymphatic adaptation and other secondary factors resulting from the main insult. Second, it is not possible to measure values of critical parameters such as transmural pressure and luminal flow during the 3-day adaptation period without significantly altering them. Instrumentation of the lumen of either the UP or DN segment always significantly alters normal valve closure, transmural pressures, luminal flows, and endothelial shear stresses with current technology. Moreover, even the smallest pressure catheters are not as flexible as lymphatic vessels, and the remarkably thin wall of lymphatic vessels makes them quite easy to perforate. However, we used previously reported bovine mesenteric lymphatic vessel lymph flow and pressure data to validate our experimental model, resulting in higher transmural pressure in the upstream lymphatic segment compared with that of the lower segment (APPENDIX A). We estimated a difference of ϳ8 cmH 2 O across the occlusion with normal bovine lymphatic transmural pressures of 4 -6 cmH 2 O (24). Because this difference of 8 cmH 2 O is distributed between an in increase in upstream pressure and a decrease in downstream pressure, it is in the expected physiological range, given the reported change in interstitial pressure (25) and cisternae chyli pressure (40) . Potential sources of variation. There were small, but detectable, variations in diameter along the length of the vessels during contraction, which were not recorded by our diametertracking device. All of these variations are expected to induce no bias in comparison groups but may have decreased the ability to detect differences in some variables between the comparison groups. It was possible, however, to detect a significant difference in pump index when nonsignificant differences in contraction frequencies and stroke volumes were . However, vessel segments from the UP group had larger diastolic diameters (B; at transmural pressures of 6, 9, and 12 cmH2O) and systolic diameters (C; at transmural pressures of 6 and 9 cmH2O). *Significant difference between UP and DN groups (P Ͻ 0.05). combined (Fig. 2, A and B) . The ability to detect functional differences was improved by our ability to compare segments from the same vessel.
Implications to the regulation of interstitial fluid volume. Contrary to expectations, lymphatic vessels exposed to prolonged increases in pressure become both better pumps (characterized by the pump index) and better conduits (characterized by the conduit index). Compared with vessel segments downstream from the occlusion, UP vessel segment did not contract at a different frequency (Table 1) . Instead, the UP segment generated an evidently larger stroke volume by increasing end-diastolic diameter while maintaining end-systolic diameter. Describing this adaptive response in terms of cardiac analogies is somewhat problematic. On the one hand, this increase in end-diastolic diameter is similar functionally to increased lusitropy, although the lymphangions were not fully relaxed in diastole. In fact, passive diameters of UP segments were not different than DN segments. Perhaps more appropriate a description, increased pumping ability may be best described as negative diastolic inotropy. Nonetheless, the increased pumping ability becomes apparent when multiplying stroke volume by frequency of each vessel ( Fig. 2A) . At the same time, the increase in end-diastolic diameter of upstream vessel segments simultaneously created a significant reduction in the resistance to luminal flow of the vessels, leading to an increase in conductance index (Fig. 2B) . Interestingly, our result shows that the adaptation to better pumps of lymphatic vessels is most evident at lower pressure ranges, whereas the adaptation to better conduit is clearer at higher pressure ranges.
Implications to disease states. Designed primarily to elucidate the adaptive responses of lymphatic responses to altered transmural pressure, the present study nonetheless reproduces conditions that may arise from surgical obstruction. Because the adaptive response was studied only 3 days after partial constriction, it represents the first of several chronic responses, including further growth and remodeling and lymphangiogenesis. Chronic responses are particularly of interest, because surgical obstruction is believed to generate secondary lymphedema years after surgical obstruction. Although it is hazardous to extrapolate the findings of the present study to predict adaptive responses so far removed from original insult, two findings may guide future experimental work. First, although the UP vessel became a better pump relative to the DN vessel, partial occlusion may have led to a decline in function of both UP and DN segments, reflected in the significant difference in stroke volume and pump index compared with control (APPENDIX B). Whether this decrease in function represents incomplete adaptation within a short time span or a persistent decrease in function remains unknown. Second, the increase in pumping ability of the UP vessel was accomplished primarily through enhanced relaxation during diastole. Although passive diameters may have increased somewhat (compared with control), the ability to increase diastolic diameter may be limited. Short-term adaptation, therefore, may lead to a loss of future adaptive capacity. Taken together, a decrease in function and a loss of adaptive capacity may predispose patients to secondary lymphedema after a new edemagenic challenge. Both could possibly increase the acute and chronic edemagenic gain (9), the sensitivity of interstitial fluid volume to a change in capillary pressure. Future studies relating chronic lymphatic adaptive responses to changes in edemagenic gain are certainly justified by the present study.
Potential mechanisms. Multilevel analysis focusing on molecular, cellular, and histological changes is required to identify the mechanisms underlying the observed changes in lymphatic function. A prolonged increase in transmural pressure may have resulted in numerous alterations as diverse as altered expression of contractile proteins, apoptosis, and fibrosis (16, 18, 26) . With such a diversity of potential mechanisms altering lymphangion function on the one hand, and the lack of any published data on how lymphangion function adapts to changes in pressure on the other, it was not possible to design a hypothesis-driven experiment to elucidate mechanisms of adaptation. Before investigating molecular, cellular, and histological mechanisms of adaptation to different environments, the purpose of the present study was to first determine if lymphatic vessels exhibit functional adaptation in response to the chronic stimuli induced by partial ligation and to quantify those effects. The present work provides the necessary basis to formulate hypothesis-driven experiments in future studies.
APPENDIX A: VALIDATION OF A PRESSURE GRADIENT ACROSS THE PARTIAL OCCLUSION
Using the Hagen-Poiseuille equation for a pressure drop in a fluid flowing through a cylindrical lumen, the pressure gradient (⌬P OC) across the occlusion could be calculated using the value of in vivo lymph flow (Qlymph), as follows:
where is lymph viscosity, L is the length of the occlusion and equals the diameter of a 2-0 suture, and r is the radius at the occlusion and equals the sum of the radius of a 20-gauge needle and the vessel wall thickness. An analogous electrical circuit to the pressure-flow relationship of a partially occluded lymphatic vessel is shown in Fig. A1 . Table A1 shows the results of calculated ⌬P OC at transmural pressures of 1, 3, and 6 cmH2O. At each transmural pressure level, the value for r was chosen from our in vitro measured radius at the correspondent pressure. Values for Q lymph were obtained from a study (24) where average lymph flow was measured with no axial pressure gradient (i.e., inlet pressure is equal to outlet pressure) at different transmural pressures. Estimates of ⌬P OC of the partially occluded vessels at 1 and 6 cmH2O were 2.93 Ϯ 2.35 and 8.08 Ϯ 5.61 cmH2O, respectively. Since normal bovine lymphatic transmural pressure is 4 -6 cmH2O, these pressure gradients across the occlusion would be sufficient to substantially increase pressure in the UP vessel segment relative to the DN segment. The effect of said increases in pressure in vivo was also visually apparent immediately after the occlusion. Figure A2 shows the relative sizes of UP and DN segments of one lymphatic vessel a few minutes after the partial occlusion.
APPENDIX B: THREE-GROUP ANALYSIS OF LYMPHATIC FUNCTIONAL VARIABLES
Statistical analysis. The total number of vessels was 27 (8 vessels in the control group, 11 vessels in the UP group, and 8 vessels in the DN group). Statistical differences were determined by mixed-model ANOVA designed for a crossover experimental model, with significance designated at P Ͻ 0.05. All statistical tests were performed in SAS (SAS Institute). Analyzed parameters included passive diameter, diastolic diameter, contraction frequency, ejection fraction, stroke volume, pump index, and conduit index. To minimize the effect of size when vessels from different groups wer compared, normalized diastolic diameter, obtained by dividing diastolic diameter by its respective passive diameter, and normalized stoke volume, obtained by dividing stroke volume by its respective passive volume, were used for analyses. All volume variables were reported per unit length of the lymphatic vessel segment. Frequency was recorded as the number of contractions per minute. Ejection fraction was calculated as a fraction of diastolic volume. The pump index was calculated as the product of contraction frequency and normalized stoke volume. The pump index was used to characterize pump behavior. The conductance index for a vessel was calculated as the ratio of average instantaneous conductance during contraction to passive conductance. The conductance index was used to characterize conduit behavior and had a value of 1 when it was completely relaxed.
Results. Figure B1A shows passive diameters of control vessels, and occluded UP vessels and occluded DN vessels when exposed to Ca 2ϩ -free solution. Passive diameters of the vessels from the control group (3.02 Ϯ 0.28 mm) were smaller than passive diameters of the vessels from either occluded vessel groups, both UP (3.33 Ϯ 0.28 mm, P Ͻ 0.05) and DN (3.37 Ϯ 0.28 mm, P Ͻ 0.05). Normalized diastolic diameters for the vessels from the three groups are shown in Fig. A1B . Normalized diastolic diameters of vessels from the control group (0.69 Ϯ 0.057) and UP group (0.70 Ϯ 0.053) were not significantly different. However, normalized diastolic diameters of vessels from the DN group (0.63 Ϯ 0.056, P Ͻ 0.05) were significantly lower than those of vessels from the control and UP groups. Figure B2 shows functional variables for vessels from control group, occluded UP group, and occluded DN group. Contraction frequency (Fig. B2A) , normalized stroke volume (Fig. B2B) , and ejection fraction (Fig. B2C) of vessels from the UP group (contraction frequency: 4.49 Ϯ 0.68 contractions/min, normalized stroke volume: 0.22 Ϯ 0.032, and ejection fraction: 0.32 Ϯ 0.031) were not significantly different than those of vessels from the DN group (contraction frequency: 4.31 Ϯ 0.69 contractions/min, normalized stroke volume: 0.19 Ϯ 0.035, and ejection fraction: 0.32 Ϯ 0.034). However, vessels from the control group had higher contraction frequency (5.45 Ϯ 0.70, P Ͻ 0.05), normalized stroke volume (0.31 Ϯ 0.035, P Ͻ 0.05), and ejection fraction (0.41 Ϯ 0.034, P Ͻ 0.05) than those of vessels from either occluded vessel groups. Figure B3 shows the pump index and conductance index, characterizing pump and conduit behavior, of the control, UP, and DN groups in stepped-up transmural pressure. Pump indexes for vessels from all three groups (control group: 1.50 Ϯ 0.19 min Ϫ1 , UP group: 1.19 Ϯ 0.18 min Ϫ1 , and DN group: 0.67 Ϯ 0.19 min Ϫ1 , P Ͻ 0.05) were significantly different from each other (Fig. B3A) . Conductance indexes were significantly higher for vessels in the UP group (0.45 Ϯ 0.083, P Ͻ 0.05) and DN group (0. 53 Ϯ 0.096, P Ͻ 0.05) compared with vessels in the control group (0.31 Ϯ 0.095; Fig. B3B ). Average lymph flows (Qlymph) at 1, 3, and 6 cmH2O were obtained from an in vitro study by McHale et al. (24) , where lymphatic vessels pumped fluid at zero pressure gradient. Pressure gradients across the occlusion (⌬POC) at transmural pressures of 1, 3, and 6 cmH2O were calculated using the HagenPoiseuille equation. Fig. A2 . A bovine mesenteric lymphatic vessel immediately after being partially occluded. The UP segment to the occlusion (left) was substantially expanded compared with the DN segment (right) due to accumulated lymph. A: passive diameters of vessels from both UP and DN groups were larger than passive diameters of vessels from the CTRL group. B: normalized diastolic diameters of vessels from the CTRL, occluded UP group, and occluded DN groups. Normalized diastolic diameters (diastolic diameter divided by the respective passive diameter) for vessels from the CTRL and UP groups were not significantly different. However, normalized diastolic diameters of vessels from the DN group were significantly lower than those of vessels from the CTRL and UP group. *Significantly different from the other two groups (P Ͻ 0.05). , and ejection fraction (C) of vessels from the CTRL (control group), occluded UP, and occluded DN groups. Vessels from the CTRL group had a higher contraction frequency, normalized stroke volume, and ejection fraction than vessels from the UP and DN groups. Contraction frequency, normalized stroke volume, and ejection fraction from the UP and DN groups were not significantly different. *Significantly different from the other two groups (P Ͻ 0.05). The conductance index for a vessel was calculated from the ratio of average instantaneous conductance during contraction to passive conductance and had a value of 1 when it was completely relaxed. The pump index of vessels from the UP group was significantly higher than that of vessels from the DN group, whereas the conduit index was higher for vessels in the UP and DN groups than that of vessels in the CTRL group. *Significantly different from the other two groups (P Ͻ 0.05); ϩsignificantly different from the DN group (P Ͻ 0.05).
